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1. Overview and Introduction

This assessment addresses whether typical use of Redacted guitar strings would require a
warning under the State of California’s Proposition 65.! In particular, we focus on whether the
presence of lead, nickel, and/or chromium would result in a dose to an average guitar player that
would pose any “notifiable” risk for either cancer or reproductive toxicity.

As explained below, these metals in these strings, including in their ball-ends, would pose no
such risk, and thus require no such warning.

Of course, a priori, it might seem odd to imagine that guitar strings could be unhealthful to
people who use them. No one eats these strings; no one cooks with these strings; these strings do
not evaporate or otherwise pose an inhalation risk; and no one applies these strings to their skin

! Safe Drinking Water and Toxic Enforcement Act of 1986 (California Health & Safety Code §25249.5—
25249.14).
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as a cosmetic. Nonetheless, people’s fingers do touch these strings; and the results of “wipe
testing,” presented below, indicate that infinitesimal quantities of all three metals are, or at least
might be, available on the surface of these strings.

These metals are present in guitar strings because of the use of nickel plating, bronze, brass,
carbon steel, and stainless steel to construct those strings. Because these metals contain trace
levels of lead, the residual presence of lead in these strings from these materials is practically
inevitable, and its concentration is controlled at sufficiently low levels by the specifications of
raw materials (wire) containing tin, bronze, or brass. The ball ends of the strings are constructed
of leaded brass, so they are considered separately below. Nickel is deliberately used in the
nickel-plated strings, and chromium is a constituent of the stainless steel used for some strings
(with nickel specified to a low level), and carbon steel contains trace levels of lead, nickel, and
chromium.

2. Proposition 65 “No Significant Risk Levels” and “Maximum Allowable Dose Levels”

The Reproductive and Cancer Hazard Assessment Branch of OEHHA is the lead office for the
implementation of the Safe Drinking Water and Toxic Enforcement Act of 1986 (Proposition
65), and in that role has established no significant risk levels (NSRLs) for some carcinogens and
maximum allowable dose levels (MADLSs) for some chemicals causing reproductive (including
developmental, female reproductive, and male reproductive) toxicity. The latest available list of
these levels, and additional information, is available from OEHHA at
https://oehha.ca.gov/proposition-65/proposition-65-list.

2.1. Lead

Lead and lead compounds are listed for risk of cancer, with an NSRL of 15 pg/day for lead, and
higher values for several specific lead compounds (based® on the lead content of those
compounds). Lead* is listed also for risk of developmental and male and female reproductive
toxicity, with a MADL of 0.5 pg/day.

2.2. Nickel

Nickel and nickel compounds generally, and specific nickel compounds, are listed as
carcinogens, with NSRLs listed only for nickel refinery dust and nickel subsulfide. Nickel and
nickel compounds are carcinogenic only by inhalation and none of the exposures to guitar strings
are by inhalation. Soluble nickel compounds are listed as developmental and male reproductive
toxicants, but no MADL has been promulgated. As detailed below, the majority of any nickel
exposure from guitar strings would be to the oxide or hydroxide, which are both insoluble in

2 The bronze and brass are not “leaded” — no lead is deliberately added; see Section 3.1.

3 See https://oehha.ca.gov/media/downloads/crnr/leadcompoundsoralnsrlsfinal.pdf.

* Although this listing is stated as “lead” alone on the Proposition 65 lists, the basis for the listing is the
OSHA regulations in which (1910.1025(b)) “Lead means metallic lead, all inorganic lead compounds,
and organic lead soaps. Excluded from this definition are all other organic lead compounds.” In practice,
the OSHA regulations specifying levels of lead exposure apply to the lead component of included
compounds. Here, for Proposition 65 purposes, we interpret the MADL as applying to lead and the lead
component of any compound.
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water according to OEHHAs definition (<0.1 mole per liter at 20°C, OEHHA, 2019), so would
not require any notice. However, some fraction of the exposure may be to soluble nickel, since
experiments with artificial sweat indicate some dissolution of nickel compounds from nickel
plating.

Nickel is essential in plants and microorganisms, and trace intakes may be beneficial for animals
including humans (Nielsen 2012, 2021, Institute of Medicine 2001, 2006). Median adult nickel
intake from foods was reported to be 74 to 100 pg/day in 1984, with another approximately 5
pg/day from supplements. No Adequate Intake could be derived, but a Tolerable Upper Intake
Level of 1 mg/day for adults was determined (Institute of Medicine, 2001and 2006).

When no MADL has been set for a chemical on the Proposition 65 list for reproductive toxicity,
as is the case for soluble nickel compounds, no warning is required if the responsible party can
show
...that the exposure will have no observable effect assuming exposure at one
thousand (1000) times the level in question for substances known to the state to
cause reproductive toxicity, based on evidence and standards of comparable
scientific validity to the evidence and standards which form the scientific basis for
the listing... (California Health & Safety Code, §25249.10(c))
and, pursuant to the Act’s implementing regulations
When data do not allow the determination of a NOEL [No observed effect level],
the lowest observed effect level shall be divided by 10 to establish a NOEL for
purposes of assessment. (California Code of Regulations, § 25803(a)(8)).
Importantly, the regulations also require (§ 25803(a)(4) and (5)) that animal bioassays
meet generally accepted scientific principles, and the NOEL should be based on the most
sensitive studies deemed to be of acceptable quality.

In this case, the NOEL from the most sensitive study that meets the quality requirements
of the Act is 1.12 mg/kg-day, as derived in OEHHA’s development of an oral reference
level for nickel (OEHHA, 2012), based on two studies in rats (NiPERA, 2000a,b).
However, in this derivation OEHHA failed to take account of the within-litter
correlations, and the LOAEL determined by OEHHA in the first (ranging) study was not
corroborated in the second detailed study. Taking account of the within-litter correlations
(e.g. by treating the dam or litter as the unit of experimentation), the NOEL should be
about four times higher (EFSA, 2015).

2.3. Chromium

Hexavalent chromium (Cr VI) compounds are listed as carcinogens and male developmental
toxicants, with an NSRL of 0.001 pg/day by inhalation and a MADL of 8.2 pg/day by the oral
route. Trivalent chromium (Cr IIT) compounds and zero valent (metallic) chromium are not on
the Proposition 65 list, so do not require notice under the Act. Chromium potentiates the action
of insulin in vivo and in vitro, but its essentiality is uncertain. An Adequate Intake of 35 pg/day
for males 14 through 50 years of age, 24 pg/day for 14 through 18-year-old females, and 25
pg/day for 19 through 50 year-old females was determined based on typical diets, and no
Tolerable Upper Intake Level was set because of insufficient data (Institute of Medicine, 2001
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and 2006). Cr VI oral intake at these levels would be reduced to Cr III prior to absorption by the
reductive capacity of the upper gastrointestinal tract (Institute of Medicine, 2001). Exposures to
chromium from guitar strings is to metallic or trivalent chromium only, so no notice is required

under the Act. However, in what follows we evaluate total exposure to chromium.

2.4. Exposure assumptions

In assessing exposures to carcinogens, the relevant time frame for exposure is the long-term
average, where long term is typically taken to be a 70-year lifetime, unless more specific and
scientifically appropriate data are available.’

In assessing exposures to reproductive toxins, “[w]here a maternal exposure to a chemical listed
as causing reproductive toxicity has an effect on the conceptus (embryo or fetus), the level of
exposure shall be based on the reasonably anticipated rate of exposure for the mother during the
nine-month gestation period.”® And in the absence of more specific and scientifically
appropriate data, “/w/hen the applicable reproductive effect is upon the adult female or
conceptus, human body weight of 58 kilograms shall be assumed.”’

3. Concentration of lead, nickel, and chromium in or on Redacted guitar strings

3.1. Redacted string raw materials and measurements

Redacted guitar strings are available for acoustic and electric guitars (“acoustic/electric’’) and
bass guitars, sold as sets or individual strings. The highest pitched acoustic/electric strings (one
to eight per set for acoustic guitars, three to eight per set for electric guitars) are “anti-rust plain
steel” (called just plain steel strings), a single steel wire (ASTM A228) that is nickel-plated to
AMS2403M specification as an anti-rust treatment, with no further covering. The strings for
lower pitches (with higher gauges, including all bass guitar strings) have steel cores wrapped
with wire made from 80/20 bronze® (ASTM B134 C24000), phosphor bronze (ASTM B159/B
159M C52100), steel (AISI 1006) plated with nickel, or stainless steel (AISI 430). All the
wrapped strings are coated with proprietary fluoropolymer coatings — Redacted. The nominal
overall length of the acoustic/electric strings is 42.5 inches, with wrapping over 33.5 inches,
while the bass guitar strings are nominally 50.5 inches long with wrapping over 39.25 inches.
The plain strings are nominally 41.125 inches long. All the strings have a “ball end” (used to
anchor the fixed end of the string) consisting of a cylindrical brass tube (small, 0.157 OD x 0.087
ID x 0.117 inches for acoustic/electric strings; large, 0.235 OD x 0.125 ID x 0.190 inches for
bass strings) to which the string is securely fastened.

ASTM B134 C24000 brass and ASTM B159/B 159M C52100 phosphor bronze both specify a
lead content <0.05% (<500 ppm), but do not have explicit limits on either nickel or chromium,
which may be trace impurities. AISI 1006 steel specifications do not contain explicit limits on
lead, nickel, or chromium, but none of these are specific alloying components, so can be
expected at only trace levels. AISI 430 stainless steel has a nominal composition of 16—18%

> See Title 27, Division 4, Chapter 1, § 25721, California Code of Regulations.

% See Title 27, Division 4, Chapter 1, § 25821, California Code of Regulations.

’ See Title 27, Division 4, Chapter 1, § 25803(b), California Code of Regulations.

® This is the name given to the Redacted product. Technically this is brass, not bronze.
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chromium and <0.75% nickel, with no specification on lead, although again lead can only be
expected to be present at trace levels. There is no explicit limit on either lead or chromium in the
nickel plating, but both of these elements may be trace contaminants. The brass of the ball ends
is specified to contain 1.6 — 3.5% lead, 0.3% nickel, and nominally no chromium.

Table 1 summarizes some specifications of string sets in the Redacted line.

Table 1 Summary of Redacted string set specifications

Strings
per set Ball

Product line wrapped | end Wrapping wire specification
/plain

80/20 Bronze Acoustic 4/2,3/3,
Guitar Strings 4/4,5/7 Small | ASTM B134 C24000 80/20 Brass
Phosphor Bronze 42,33, | il | ASTM B159/B159M C52100 Phosphor Bronze
Acoustic Guitar Strings 5/7

. 4/2,3/3,
Nickel-plated Steel 4/3,5/3, | Small | Nickel-plated AISI 1006 steel
Electric Guitar Strings 4/8

Nickel-plated Steel

Electric Bass Strings 4/0,5/0 | Large | Nickel-plated AISI 1006 steel

Stainless Steel Electric

Bass Strings 4/0,5/0 | Large | AISI 430 Stainless Steel

80/20 Bronze Acoustic

Bass Strings 4/0 Large [ ASTM B134 C24000 80/20 Brass

Nominal specifications: omitting specified maximum trace elements other than lead,
nickel, or chromium

ASTM B134 C24000 80/20 Brass; nominally 80% copper, 20% zinc, <0.05% lead

ASTM B152/B159M C52100 Phosphor Bronze: nominally 92% copper (incl. silver), 8% tin,
<0.05% lead

AISI 1006 steel: nominally 99.5% iron, 0.4% manganese, 0.1% carbon

AISI 430 Stainless Steel: nominally 83% iron, 17% chromium, <0.75% nickel

All wrapped strings have a fluoropolymer coating (Redacted)

Plain strings are plated with a nickel-containing anti-rust coating.

3.2. Wipe test results

Wipe testing was performed on representative strings of the Redacted line of acoustic, electric,
and bass guitar strings. The strings chosen for the tests were the highest gauge (largest diameter)
strings in string sets for each type of string.
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The wipe tests were conducted by Element Materials Technology (https:/www.element.com/)
according to their procedure SFS-0116, Rev 14, an adaptation of method NIOSH 9100 (see
Appendix B: Element Materials Technology Laboratory Report on Job ). The adaptation of
NIOSH 9100 (which calls for wiping of a 10 x 10 cm flat area “or other standard size”) is
described by:

The entire length of the string was wiped with firm pressure 4 times (in one
direction), including the ball at the end of the string. The exposed side of the
wipe was folded in and the area was wiped in the opposite direction with 4
strokes. The wipe was folded once more and the area was wiped in the original
direction with 4 strokes.” (Element Materials Technology).

The wipes used were Ghost Wipes (Environmental Express,
https://www.environmentalexpress.com/ee/s/product/detail/01t4WO00000F]ULpQAN),
which are pre-wetted wipes of nonwoven polyvinyl alcohol fiber compliant with ASTM
E1792 for lead in dust.

Each Ghost Wipe was used to wipe a single string using this protocol, and the whole procedure
was repeated in triplicate to obtain three Ghost Wipes per string type. Then:

The entire wipe (~3-5 g) was digested in a capped vessel with 1 ml of nitric acid
and 3 ml of hydrochloric acid for 1 hour on a block digester set at 90°C. The
digestate was cooled, internal standards were added, and then the digestate was
diluted to a final mass of 100 g with high-purity water. The sample mostly
dissolved.” (Element Materials Technology).

The solution was analyzed by inductively coupled plasma-mass spectrometry (ICP-MS)
to obtain the total mass of lead, nickel, and chromium on the wipe (hence corresponding
to the total amount of material removed from a single string). Blank Ghost Wipes were
also analyzed in the same manner to determine background levels in the wipes.

The results of testing, including the blank wipes, are shown in Table 2, as measured
ng/Ghost Wipe (i.e. pg of surficially available metal per string). For our assessment, for
nickel and for chromium, we use the average values and subtract the average blank wipe
values; while no subtraction was needed for lead, since no lead was detected in any of the
blank wipes.

Strings that are thickly coated with polymer would presumably prevent dermal contact with the
metal of the strings. However, Redacted strings have thin coatings to optimize the tone of the
string; and such coatings may be sufficiently thin as to be microporous, either allowing some
contact with the metal or allowing metal (or metal oxide or metal salt) migration to the surface of
the coating. If so, then the surface of the coating would correspond reasonably well to a metal
surface (at least from the point of view of the thin metal/oxide/salt coating on it). If not, then
once any metal coating on top of the polymer was cleaned off, the polymer would remain clean
and no further metal would be accessible until the coating wore out, at which point the strings
would be replaced or again the metal surface would correspond to bare metal. In what follows,
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we evaluate the coated strings as if they were bare metal, so that we may obtain a conservative
(that is, high) estimate of potential exposures to guitar players.

The results of the wipe tests indicate that the material wiped from the strings does not match the
specifications of the base metal of the strings in many, if not all, cases. For example, the brass
wrapped strings show lead wipe fractions substantially above the specified 0.05% maximum for
the brass wrapping wire. For this reason, in what follows we assume that the wipe tests are
reflective of the composition of the material that would be rubbed from the strings to a players’
fingers, except for the ball-ends which are treated separately in Section 5.5.

Table 2 Results of the wipe tests on representative strings (the largest gauge of each type of string)

Green Toxicology LLC

Ghost Wipe data (ug/string)
Sample Description Gauge Sample IDT | Chromium Lead Nickel
(inches)
Redacted 80/20 Brass 0.07 Redacted -1 0.23 0.1 0.34
Acoustic Guitar String Redacted -2 0.49 0.079 0.42
Redacted -3 0.05 0.066 0.19
Average 0.257 0.082 0.317
Redacted 80/20 Brass 0.059 Redacted -1 0.2 0.13 1.3
Acoustic Guitar String Redacted -2 0.17 0.084 0.98
Redacted -3 0.19 0.088 1.1
Average 0.187 0.101 1.127
Redacted Phosphor 0.056 Redacted -1 0.095 0.21 0.84
Bronze Acoustic Guitar Redacted -2 | 0.077 0.12 0.38
String Redacted 3 | 0.12 0.25 0.89
Average 0.097 0.193 0.703
Redacted Nickel-plated 0.08 Redacted -1 0.073 0.061 7.8
Steel Electric Guitar Redacted -2 | 0.069 0.088 7
String Redacted -3 | 0.052 0.091 4.7
Average 0.065 0.080 6.500
Redacted Nickel-plated 0.08 Redacted -1 0.068 0.064 16
Steel Electric Guitar Redacted -2 0.06 0.063 5.6
String Redacted -3 | 0.066 0.049 14
Average 0.065 0.059 11.867
0.049 Redacted -1 0.21 0.08 24
Redacted -2 0.17 0.061 34
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Ghost Wipe data (ug/string)
Sample Description Gauge Sample IDT | Chromium Lead Nickel
(inches)
Redacted Nickel-plated Redacted -3 0.17 0.064 1.9
Steel Electric Guitar Average 0.183 0.068 2.567
String
Redacted Nickel-plated 0.135 Redacted -1 0.37 0.15 5.1
Steel Electric Bass String Redacted -2 0.29 0.18 4.4
Redacted -3 0.23 0.22 8
Average 0.297 0.183 5.833
Redacted Stainless Steel 0.13 Redacted -1 5.3 0.54 2.3
Electric Bass String Redacted -2 4 0.66 1.7
Redacted -3 4.2 0.12 1.5
Average 4.500 0.440 1.833
Plain Steel% 0.022 Redacted -1 0.072 0.093 6.4
Acoustic/Electric Guitar Redacted -2 0.065 0.19 6.4
String Redacted -3 | 0.066 0.2 7.6
Average 0.068 0.161 6.800
Blank Ghost Wipe N/A Redacted -1 0.036 <0.005 0.016
Redacted -2 0.04 <0.005 0.021
Redacted -3 0.032 <0.005 0.019
Redacted -1 0.035 <0.005 0.02
Redacted -2 0.037 <0.005 0.16
Blank-1 0.033 < 0.005 0.027
Blank-3 0.054 < 0.005 0.028
Blank-5 0.043 < 0.005 0.017
Average 0.03875 <0.005 0.0385
T Sample IDs are as given in Appendix B: Element Materials Technology Laboratory Report
on Job .
¥ Plain steel strings are nickel-plated and uncoated. All other strings are wrapped and
coated.
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4. Initial screening evaluation

4.1. Lead

The wipe data presented in Section 3.2 confirm the trace nature of any lead present in the
construction materials of the strings, and indicate that the worst-case potential exposure to lead
from a single string might occur with the Redacted stainless steel wrapped bass strings. The
quantity of lead detected from the tested stainless steel wrapped bass string amounts to an
average of about 0.44 ug per string with 12 wipes per string. With conservative assumptions, to
obtain an ingestion exposure of 0.5 ng/day (the MADL for lead) would require that a user /ick
over the whole length of such a string (including the ball end) about twice or more per day, or
somehow obtain an equivalent exposure (assumes that two licks — to cover both sides of the
string — would be sufficient to remove all the surface lead removed by 12 wipes and that the
surface lead refreshes between licks; or equivalent assumptions). For a 5-string bass guitar strung
with the Redacted stainless steel wrapped strings (the worst-case), the total surface area of the
strings (all wrapped) accessible after stringing is about 3 times the surface area of the tested
string,” ignoring the ball ends which are normally not accessible after stringing, giving a total
lead mass of 1.3 pg, so that an equivalent exposure would require daily licking more than three
quarters of the whole strung area daily (since such licking would only contact the top half of the
string).

All the other average lead measurements give lower estimates for lead per string or per strung
area, indicating that even more extreme exposure-scenarios would be required to obtain an
ingestion exposure of 0.5 pg/day or more. Such behaviors are certainly not those of an average
user (whether amateur or professional musician), and equivalent behaviors are difficult to
imagine. In other words, because wiping the guitar strings resulted in only vanishingly small
amounts of lead-transfer, it is essentially inconceivable that guitar players could be at any
notifiable risk to health from this metal under Proposition 65.

Nonetheless, in what follows, we utilize published measurements of transfer of metals from
coins to people’s fingers; in so doing, we demonstrate that the MADL for lead would not be
exceeded under even conservatively estimated inputs relevant for actual guitar string uses.

4.2. Nickel

The highest quantity of nickel detected from any coated string was from the REDACTED nickel-
plated steel electric string, at 11.8 pg per string.!® REDACTED nickel-plated steel electric string
sets are available in multiple combinations (see Table 1) and have both the wrapped
REDACTED coated and plain steel strings in each set. The wipe tests show the plain steel strings
with 6.8 pg per string. Taking account of the strung surface areas and types of strings in each set,
the set with the highest total surface nickel is the 8-string set with 37 pg per set. Using a 58 kg

? To be conservative, for wrapped strings we assume here and subsequently that the entire wipe result
comes from the wrapped portion of the tested string, ignoring any contribution from the unwrapped
portion and the ball end.

10 All measurements here and subsequently are corrected for the blank wipes.
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body mass, the total mass available on the strings corresponds to 0.64 ng /kg, so that even if this
total available amount were to be ingested daily, 1,000 times the amount is less than the lowest
NOEL observed for reproductive or developmental effects (Section 2.4); and this is without
taking account of (i) what fraction could be ingested, (ii) whether it could renew daily, or (iii) the
chemical form of the available nickel (most of which is insoluble and therefore irrelevant for
Proposition 65). In other words, here again, because wiping the guitar strings resulted in only
vanishingly small amounts of nickel-transfer, it is essentially inconceivable that guitar players
could be at any notifiable risk to health from this metal under Proposition 65.

4.3. Chromium

The highest quantity of chromium detected on any coated string was from the REDACTED
stainless steel electric bass string, at 4.5 ng per string. Chromium on the surface of stainless steel
is in the form of chromic oxide (Cr203), in the III oxidation state. The chromium detected on
other strings would also be in the form of chromic oxide, in the III oxidation state. Because this
form of chromium is not on the Proposition 65 list, no warning is required for chromium.
Despite this, we continue evaluation of potential exposures to chromium in the detailed
evaluation below.

5. Detailed evaluation of exposure pathways

Average users’ most extensive exposure to Redacted strings guitar strings will result from the
intended use of these strings on musical instruments; that is, amateur or professional musicians
playing guitars or equivalent instruments. Such musicians are certainly exposed to at least some
quantity of metals from instrument strings, as is evident from literature reports of nickel allergies
resulting from some players’ uses of nickel-plated strings (Smith et al., 2006).

During this use, musicians will contact the strings with the fingers of both hands (for a right-
handed player using a pick, the contact will be relatively small on the right hand). In the process,
the musician’s fingers will rub material (typically metal oxides or hydroxides) from the surface
of the strings, and some of that material may stick to the surface of the fingers. Subsequently,
some may be absorbed transdermally, and some may be ingested if there is hand-to-mouth
contact.

5.1. Amounts of metals rubbed from guitar strings on to fingers

We have not located any studies with usable measurements of transfer to fingers of any metal
present in only trace quantities in an alloy (as is lead in all the string materials of interest here;
nickel in the brass, phosphor bronze, and stainless steel; and chromium in all but the stainless
steel). However, there are studies of the transfer of major component metals from coins to
fingers, primarily in evaluation of the extent of exposure to nickel from the copper/nickel/zinc
alloys used in coins; and there are studies of the transfer of nickel from pure nickel and nickel
alloys, including nickel-chromium-iron alloys. These studies provide information that may be
used to extrapolate the potential amount of lead, nickel, and chromium transferred from the
alloys used in the construction of Redacted guitar strings.
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5.1.1. Metal transfer from coins and prepared metal surfaces

Fournier and Govers (2003) demonstrated dermal transfer of nickel (Ni), copper (Cu), and zinc
(Zn) to volunteers’ fingers during manipulation of French 2-franc and European 2-euro pieces
taken straight from circulation (“unwashed”), after washing by 10 minutes immersion in
demineralized water in an ultrasonic bath (“washed”), and after rubbing the coins to a shiny
finish (“polished”). The 2-franc pieces had been in circulation for several years, and the 2-euro
pieces for between 2 and 5 months. Each volunteer handled 58 coins (counting them by
transferring them from one plastic container to another), with an average handling time of 2.6
seconds per coin (range about 2 to 3 sec depending on the volunteer). Each volunteer used three
fingers for such handling (thumb, index, and middle finger), and the metal content!! of material
transferred to these fingers was measured. The metal content of the material transferred to the 3
fingers, per coin, in each handling, is shown in Table 3.!2

Table 3 Total amount of metal content transferred to 3 fingers by handling, pg/coin handled,
with 90% confidence limits (Fournier and Govers, 2003)

French 2-franc coins European 2-euro coins

Metal | Unwashed Washed Polished Unwashed | Washed Polished
Ni 0.38+0.10 | 0.46 = 0.16 | 0.009 = 0.004 | 0.23 £0.06 | 0.26 =0.07 | 0.012 £ 0.006
Cu 0.44+0.10 | 0.24+0.07 | 0.013£0.004 | 1.4+0.2 1.3+£0.2 0.10 £0.01
Zn 0.14+0.03 | 0.12+0.04 | 0.012+0.003 | 0.26 £0.03 | 0.28 +0.05 | 0.07 £0.03

European 2-euro coins have a complex structure — a center disk ( that has a core of nickel with a
surface of nickel brass (75% Cu, 20% Zn, 5% Ni; 5.09 cm? surface area), and an outer ring of
copper-nickel (75% Cu, 25% Ni; 7.11 cm? surface area including the rim, 5.33 cm? excluding the
rim), so transfer of all three metals would be expected from the 2-euro coins; and the transfers
from the unwashed and washed coins approximately match the proportions of the coin material.
The results for French 2-franc coins, however, are inexplicable in terms of the base materials of
the coins, since they are pure nickel (12.5 cm? surface area including the rim, 11.0 cm? excluding
the rim) yet appreciable quantities (compared with nickel) of copper and zinc were transferred
from such coins. The results are, however, explicable in terms of the metals removed from the
surface of the coins during polishing (Table 4). Evidently, the surface of coins becomes
contaminated by other metals (e.g. from other coins) during everyday circulation, and it is metal
from this surface film that is transferred to fingers during handling.

The total masses of metal removed from these coins by polishing are large compared with the
masses removable in the wipe tests of Redacted strings. For example, the nickel content of the

' The actual material transferred is probably a metal oxide or hydroxide, rather than pure metal, since all
these metals form an oxide/hydroxide layer on exposure to air.

12 Previous work had shown (Fournier ef al., 2002) that iron and aluminum were detectable, but at lower
levels, and other metals (tin, cobalt, chromium, manganese, lead, and titanium) were either non-detectable
or present at much lower levels. Iron, aluminum and tin are components of some coins in circulation, so
could have contaminated the surfaces of these coins.
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polishable nickel surface film on the pure nickel 2-franc coin was approximately 1 pg/cm?,
whereas the maximum wipe test removable nickel surface film on the nickel-plated Redacted
strings ranged from 0.05 to 0.37 pg/cm?. A nickel hydroxide surface film (the most likely
chemical form of surface film on pure nickel) with 1 ug/cm? nickel content would be
approximately 3.8 nm thick. Similarly, the nickel content polishable from the surface film on the
2-euro coin was approximately 0.5 pg/cm? whereas the wipe test removable nickel on the brass
wrapped strings ranged from 0.006 to 0.027 pg/cm?.

Table 4 Average metal content (pg) in surface film removed from each coin during polishing.

Metal | 2-franc coin | 2-euro coin
Ni 12 5
Cu 13 38
Zn 2 8

Using the data in Table 3 and correcting to a surface consisting (hypothetically) of 100% of the
selected metal using the measured fractional surface metal composition of Table 4, and using the
2.6 second handling time (for reasons explained below), gives the results of Table 5 for the initial
rate of transfer of metal content to the 3 fingers involved during coin handling.

Table 5 Average transfer rate per unit coin facial surface area, pg/cm?/sec, to 3 fingers while
handling coins, normalized to 100% surface availability of the given metal.

2-franc coin 2-euro coin
Metal Unwashed | Washed | Polished | Unwashed | Washed | Polished
Ni 0.030 0.036 | 0.00071 0.087 0.098 0.0045
Cu 0.032 0.017 | 0.00094 0.069 0.064 0.0050
Zn 0.066 0.057 0.0057 0.061 0.066 0.016
Total 0.034 0.029 0.0012 0.070 0.068 0.0067

The results of Table 5 show relatively good consistency between the transfer rates for un-
polished coins when evaluated this way,' and indicate that the metal transferred is probably
from a surface layer of material on the coins that may differ considerably from the base material
of the coin. They also show that when the surface-removable material is depleted by polishing,
the transfer rates generally decrease about 10-fold or more (although only about 4-fold for zinc
on the 2-euro coin). The results for the 2-franc coin after polishing show that appreciable
quantities of zinc and copper remained on the surface of that coin even after polishing.

13 Calculation of a rate per unit coin surface area may slightly underestimate transfer rates, since in the 2
to 3 seconds of picking up the coins and transferring them to another container may not result in the
whole surface of the coins being rubbed.
N,
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The transfer rates shown in Table 5 for the unpolished coins could not, however, continue for
very long without depleting the removable material. Table 6 shows the handling time in seconds

required to remove the amount of material shown in Table 4 based on the measured transfer rates
of Table 3.1

Table 6 Handling time (seconds) to remove the polishable material from coins

2-franc coin 2-euro coin
Unwashed | Washed | Unwashed | Washed
Ni 82 68 57 50
Cu 77 141 71 76
Zn 37 43 80 74

Fournier and Govers (2003) also showed that there appeared to be a distinct surface layer of
more readily removable material in leaching tests of little used or uncirculated coins. A short-
term test of 80 minutes leaching 2-euro coins in demineralized water showed linear leaching at a
rate approximately 18 times higher than long-term (1-week) tests,'> with the total amounts per
coin of Ni, Cu, and Zn removed in the 80 minutes of leaching approximating those shown in
Table 4 (approximately 28 pg Cu, 8 pg Ni, and 5 ug Zn). Even the short-term leaching rates
were, however, much too low to account for the transfer of metals seen in Table 3, so the
primary transfer mechanism presumably involves friction rather than dissolution in sweat. The
same conclusion is drawn in all the studies below that also examined leaching in water or
artificial sweat.

Gwozdz and Grass (2004) evaluated transfer of metals from metal foils and metallic objects to
fingers by quantifying the transfer of metal to filters that were rubbed by fingers that had
previously rubbed metal foils or metal objects. The contact here may have been more intense
than that recorded by Fournier and Govers (2003), since the volunteers actively rubbed the
metallic objects between fingers (and then the filter). However, no attempt was made to evaluate
the fraction of material on the fingers that was rubbed on to the filters. The total time taken for
both operations was about 30 seconds, and we assume here that the rubbing of metal materials
took 15 sec. Assuming quantitative transfer of metal from fingers to filters, Table 7 shows the
total transfer rate (to finger and thumb combined) in pg/sec during the metal rubbing for those
cases where the measured metal was the same as the metal of the object rubbed, and the object
was primarily composed of the measured metal.!¢ It can be seen that the transfer rate is very

'* The implication is that a minute or two of rubbing a coin between the fingers will polish it fairly
effectively; and this indeed works.

!> Estimated at pH 7 by a least-squares linear fit to Figure 1 of Fournier and Govers (2003) between pH 4
and 10.1, combined with the 8 pg/coin at 80 minutes shown in Figure 3 (op. cit.). Fournier and Govers
(2003) give an estimate of a factor of 7, but their corresponding stated values do not fully agree with the
figures.

'® Gwozdz and Grass (2004) also measured transfer of trace metals, but gave no information on the
concentrations of those trace metals in or on the surface of the objects rubbed. Such measurements give
no useful quantitative information on transfer rates, and based on the observations of Fournier and Govers
(2003) discussed above they do not contradict what is shown here either qualitatively or quantitatively.
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variable in these measurements, and that for pure soft metals it can reach the transfer rates shown

in Table 5.

Table 7 Transfer rate from foils or 100% metal objects during rubbing by fingers, pg/sec.

Metal Object Person A | Person B
Gold Ring 0.013 0.008
Watch 0.002 0.002
Chain 0.001 0.036
Silver Spoon 0.037 0.045
Bracelet 0.025 0.043
Necklace | 0.167 0.080
Zinc Foil 0.253 0.247
Cadmium | Foil 0.033 0.027
Tin Plate 0.533 0.200
Cobalt Foil 0.031 0.127
Nickel Foil 0.160 <0.003

Subsequent measurements of metal transfer have generally focused on nickel, primarily because
of the ability of nickel to induce allergic responses. Staton et al. (2006) developed a quantitative
methodology for extraction of metals on fingers by dipping the finger in ultrapure water for 2
minutes, which gave an extraction efficiency of 91% with one wash.!” They measured the
transfer of nickel to index finger and thumb during deliberate rubbing between them of pre-
cleaned British 20 p coins (16% Ni, 84% Cu) by two subjects. Staton et al. (2006) indicated that
the quantity of nickel transferred to finger and thumb increased linearly over a period extending
at least up to 15 minutes, but re-analysis'® of their data (Figure 1) shows a more rapid initial
transfer rate for the first 30 seconds (volunteer A, red line) or 10 seconds (volunteer B, blue line).
The transfer rates for volunteer A were: initial 0.023 pg/sec, final 0.006 pg/sec, and for volunteer
B: initial 0.018 pg/sec, final 0.0023 pg/sec, suggesting that volunteer A applied more pressure
during rubbing. Prorating these transfer rates to a 100% nickel surface gives initial rates of 0.15
and 0.11 pg/sec, with subsequent rates of 0.038 and 0.015 pg/sec. While these rates are
reasonably similar to those obtained from unwashed and washed versus polished coins for nickel
by Fournier and Govers (2003), see Table 5, it is unclear if the implied total metal removal was

'7 An alternative method used in other studies discussed uses wipes wetted with 1% nitric acid in water
(safe on skin) to achieve similar efficiency. On the other hand, Table 5 shows that pure water immersion
is not effective at removing the surface layers from metals.

'8 Staton et al. (2006) plot the average concentrations in the 35 ml of ultrapure extraction water used for
each of the finger and thumb. The fitted lines are maximum likelihood fits of a model consisting of two
straight lines, optimizing the intercepts, slopes, and join time of the two lines assuming uncertainties such
that the logarithm of the concentrations are normally distributed about the lines, with different standard
deviations for volunteers A and B.
b SRS
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dissimilar, since Staton et al. (2006) did not report analysis of any other metals. The coins were
“gently cleaned with high purity water and left to air dry.” Such treatment, if it involved any
rubbing or an immersion exceeding a few tens of minutes, could have removed some fraction of
the polishable material observed by Fournier and Govers (2003), so the similarity of rates with
those of Fournier and Govers (2003) may be misleading.

w Y (92}

Nickel transfer (microgram)

N

0 200 400 600 800 1000

Time (seconds)

Figure 1. Nickel transfer to finger and thumb by two subjects rubbing pre-cleaned British 20p
coins.

This observation of linearity with time justifies the presentation of results in Table 5, Table 7,
and Table 8 as a transfer rate per unit time.

Staton et al. (2006) also evaluated the effect of handling pre-cleaned British 1-pound coins (5.5%
Ni, 24.5% Zn, 70% Cu) for two minutes. Normalizing their results to 100% Ni, assuming that the
surface Ni content of the coin corresponds to its bulk Ni content, gives the values shown in Table
8; however, while these range from about 1/10™ to equality with the values in Table 5, they may
be considerably in error because of the potential difference of the surface layer from the bulk
metal.
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Table 8 Transfer rates observed by Staton et al. (2006), normalized to 100% Ni using bulk
material concentrations

Transfer rate, pg/sec, in four experiments with 2 minutes of rubbing
Subject U(SIiIrllgC énlzgrllltnggf’;l, ;15 Using 20 p coins (Ni content 16%)
A 0.263 0.154 0.349 0.162
B 0.330 0.113 0.159 0.124
C 0.370 0.081 0.078 0.054
D 0.239 0.071 0.096 0.052
E 0.169 0.115 0.169 0.086

Lidén et al. (2008a) also examined the effect of intense coin handling of 25 coins (Swedish
1-krona, 75% Cu, 25% Ni; or European 2-euro, see above) for 1 hour on nickel transfer to
fingers and palm of the hand, although their measurements were of areal concentrations on small
portions of the fingers and palms. They demonstrated average concentrations on the most
exposed!? parts of the fingers (thumb, index, and middle finger) ranging from 0.94 to 3 pg/cm?,
within the range expected by extrapolation from the observations of Staton et al. (2006) who
measured an average of 22 ng/cm? averaged over the whole thumb and forefinger (about 100
cm?, including the dorsal sides) after 2 minutes handling of a British 20 p coin.?°

Erfani ef al. (2015) evaluated finger rubbing (“touch”) tests and wipe tests of 6.25 cm? samples
of prepared pure nickel and four nickel alloys using a device that ensured a nearly constant force
(3.4-3.9 N) during the rubbing or wiping. That force is within the range of fingertip forces (0.4—
6.9 N) found for guitar players playing chords (Sung ef al., 2013). Samples were prepared by
grinding on wet P800 (12 um) followed by P1200 (6 wm) emery papers, rinsing, and drying.
Fingers or wipes (wetted with artificial sweat) were stroked over the blanks for 3 seconds at 30
second intervals from one to ten times, and total transferred nickel measured after one, five, and
ten touches or wipes; and separately five discrete prepared samples were stroked by the same
finger or wipe and total transferred nickel measured. These procedures being repeated three
times using five participants for the touches. Total measured nickel transfer by touch or wipe did
not differ significantly. Nickel transfer was highest for the pure nickel sample; about 10 times
lower and very similar for the Monel alloy 400 (65% Ni, 33% Cu, 2% Fe), copper-nickel (Ni
30%, Cu 70%), and nickel-silver (Ni 18%, Cu 62%, Zn 20%); and about 15 times lower still for
stainless steel 316L (Ni 10%, Cr 18%, Mo 3%, Fe 69%). All showed similar relative variation
between 1, 5, and 10 touches or wipes on the same sample; and the five touches or wipes on
different samples were consistent with transferring five times the amount transferred by one
touch or wipe. However, the tests that repeated the touches or wipes on the same sample
demonstrated that touches or wipes after the first transferred substantially less material than the

' The volar (palmar) aspects of the fingertips (2 cm?) were sampled.

2922 ng/em? x 60 mins/2 mins = 0.66 pg/cm?. This should probably be doubled to 1.3 pg/cm? for
comparison with Lidén et al. (2008a) to account for inclusion in the area average of the less exposed parts
of the fingers such as the dorsal surfaces.
b SRS
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first touch, and were consistent with depositing the same smaller amount of such material at each
subsequent touch or wipe.

We found that a simple model that assumed the same constant fraction of the initial transfer
occurred with each subsequent wipe or touch for nickel and all the alloys could account for the
variation in measured transferred nickel (Figure 2, Figure 3), allowing for the within
measurement standard error and 20% variation between measurements.?! Since an
oxide/hydroxide layer forms on nickel within seconds at ambient temperatures (Graham and
Cohen, 1972), we interpret this as indicating that the first wipe transferred easily removed
material on the oxide/hydroxide surface of the metal or alloy, with subsequent wipes removing
the similar (relatively easily removed) oxide/hydroxide surface that re-formed in the 30 second
interval between wipes. The same model, with the same wear rate (i.e. fraction of the nickel
removed in the first touch or wipe per subsequent touch or wipe), is consistent with the
measurements for both touches and wipes, so we use that model in what follows. The estimated
wear rate is 0.055 per wipe or touch, so that the wear rate is 0.00183 per second (0.0423/30) of
the initial wipe or touch transfer. Implicit in this model is a limitation to a period of less than
1/0.00149 per second = 546 seconds between wiping or touching of the strings, since in that time
this simple model predicts that the entire equilibrium surface would have re-formed from the
base material.

For example, for pure nickel, the initial oxide/hydroxide layer under ambient conditions is
typically 5-10 nm thick (Julander et al., 2013), and the initial wipe removed 8.8 pug from the
6.25 cm? sample, corresponding to a layer of hydroxide of about 5 nm (density taken as 4.1
g/cm? since the top of the surface layer would probably be the hydroxide). The surface
oxide/hydroxide layer would re-form in the 30 seconds between wipes at a rate determined by
the transfer of electrons and ions through the surface layer, which transfer is impeded by the
growing film.?? While the initial oxide film forms at a high rate within seconds, the rate slows
rapidly as the film thickens, so re-forming the film to its limiting thickness is much slower and
decreases as the limiting thickness is approached; and in air the hydroxide forms on the surface
from the oxide. For this analysis, the approximation to a constant re-formation rate will slightly
overestimate total metal removal depending on the pattern of locations and timings of fingers
rubbing the strings, since the model assumes a constant rate of renewal of the surface layer rather
a rate that slows over time. In this model, to account for the measurements, the nickel alloys
would have surface layers with slower electron and ion transport to the surface (e.g. by the
inclusion of the other alloying elements or their oxides/hydroxides in the surface layer,? or
increased equilibrium surface layer thickness); or possibly the surface preparation affects the
different alloys to a different extent, so the effective surface area available for removal by
rubbing or wiping might have differed. For the stainless steel, the surface layer would be

2! The model parameters cited are maximum likelihood estimates assuming normally distributed mean
estimates at each touch or count number measured.

22 The transfer mechanism is complex, involving an electric field established across the film driving
electron and ion transport, not simple diffusion (Cabrera and Mott, 1949; Ghez 1973; Fehlner and
Graham, 2011).

3 The presence of other alloying elements may change the electric field established across the surface
film and the resistance to electron or ion transport.
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primarily chromic oxide enriched in chromium relative to the composition of the steel — indeed
the surface layers of some nickel-containing stainless steels are entirely free of nickel, but can be
enriched after suitable heat treatment (Adams, 1983), so the low nickel transfer for stainless steel
in Erfani ef al.’s experiment is unsurprising. The model described here is qualitatively in
agreement with the measurements of Staton et al. (2006) (Figure 1), although in that case it
appears to have taken one or two rubs before a steady-state condition was reached.

For all except stainless steel, the model estimates of the initial quantity of material removed from
the surface by touches or wipes is consistent with expectations — the wipes remove slightly more
material than the touches, by between 8.5% (Monel alloy) and 124% (Copper-nickel), perhaps
indicating the extra material that can be dissolved, and/or due to the difference in surface
roughness of wipes versus fingers. Stainless steel shows the opposite effect, with 35% less
removed by wipes, according to the model.
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Figure 2 Nickel transfer by touch count measured by Erfani ef al. (2015). Points are
measurements, lines are maximum likelihood model fits (see text). SS: stainless steel; NS: nickel
silver; CN: copper nickel; MA: Monel alloy; N: nickel. Error bars are 1 measurement standard
error.
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Figure 3 Nickel transfer by wipe count measured by Erfani ez al. (2015). Points are
measurements, lines are maximum likelihood model fits (see text). SS: stainless steel; NS: nickel
silver; CN: copper nickel; MA: Monel alloy; N: nickel. Error bars are 1 measurement standard
erTor.

Finally, while prior studies (e.g. Lidén ef al., 2008b) had measured chromium deposition on
hands in various circumstances, Bregnbak et al. (2016) studied experimentally the skin
deposition of chromium on hands from handling metal (and leather) in such a way as to allow
estimation of transfer rates. Bregnbak et al. had five participants each manually handle one
chromium plated (1.5 um) metal disc (total surface area 1.8 cm?) for 30 minutes with the first 3
digits of the right hand (all participants were right handed), and measured the deposition of
chromium within delineated 2 cm? areas on each digit by wiping, extracting the wipes, and
analyzing the resulting fluid.?* Based on the measured concentrations in the fluid, and taking

2% The correspondence seen in Erfani et al. (2015) between wipe sampling and sampling of similar 2 cm?
areas on digits justifies our assumption here that this sampling captures practically all the chromium
transferred from the discs.
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account of the relatively high detection limit (two participants had non-detectable transfers on all
three digits), the total transfer to all three digits averaged about 0.085 pg.?

5.1.2. Application to metal transfer from guitar strings

The measurements obtained from handling of coins or metal objects discussed in Section 5.1.1
show that transfer of metals to fingers occurs quantitatively in proportion to the metal
concentration in the surface layer. That layer probably contains a mixture of oxides, hydroxides
and metal in variable proportions. There appears to be an outermost layer that is relatively easily
removed by rubbing, with subsequent rubbing removing material from the surface layer at the
rate that surface layer re-forms. For coins that have been in circulation, readily removable
material is distinct in composition from the bulk of the coin material, although for polished coins
that presumably lack most of this readily removable material this may change. The alloys of
interest for the strings (see Section 5.5 for the ball ends) are primarily stainless steel, lead-free
brass, phosphor-bronze, and nickel plating. Lead is a trace impurity in all these string
components, while nickel and chromium are either a trace impurity (for brass and phosphor
bronze), or part of the bulk material (for nickel plating and stainless steel).

In all cases, the transfer of metals to fingers will depend on the concentration of the metal in the
surface layer and the wear rate of that surface layer. For trace impurities, the wear rate will be
determined by the wear rate of the whole surface layer. For this evaluation, we make the
following assumptions, intended to overestimate potential exposures:

e the surface layer measured by the wipe tests is reformed daily;

e the initial (daily) touch on the strings will remove all of the surface layer measured by the
wipe tests;

e for plain (nickel-plated), nickel-plated wrapped, and stainless steel wrapped strings
subsequent touches will remove material corresponding to the initial wipe test at the
fractional rate that we estimated from the data of Erfani et al. (2015) for nickel and nickel
alloy surfaces — see Section 5.1.1 and the discussion below);

e for the brass-wrapped strings

o lead is present in the wear layers at the upper limit of concentration specified for the
brasses (0.05%),

o nickel and chromium?® are present in the wear layers in proportion to their
concentration relative to lead in the wipe tests,

o the wear rate of total material is equal to that measured by Fournier and Groves
(2003) from polished 2-euro coins — see Table 5 and the discussion below;

e as discussed at the end of Section 3.2, the polymer coating has negligible effect on metal
transfer to fingers.

2> Maximum likelihood estimate assuming the measured concentrations in the fluid were lognormally
distributed.
%% Nickel and chromium impurity levels are not specified for the brasses.
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The only metal transfer rates for copper/nickel/zinc alloys?’ estimated in Section 5.1.1 where the
composition of the surface film was actually measured were initially in the range 0.03 to 0.07
ug/cm?/sec to three fingers (Table 5, washed and unwashed coins) for total metal content (and
similar for extrapolations to 100% content for the individual meals). However, based on the
amount of metal removed by polishing, such transfer rates could only continue for a few minutes
at most, before the easily transferred (and easily leached) surface materials are depleted. After
some polishing, the total metal transfer rates were 0.0012 (2-franc coin) and 0.0067 pg/cm?/sec
(2-euro coin) (Table 5). Other experiments apparently measured rates in the same ranges that
depended on the surface conditions of the coins tested, but the surface conditions were not well
characterized. For this evaluation, we assume that the brass wrapping on the strings may wear at
the same (total metal) rate of 0.0067 pg/cm?/sec as the polished 2-euro coin, since the string
surfaces should correspond most closely to the polished coin surface (see the discussion in
Section 5.1.1 of the relative surface concentrations of nickel on the coins versus the strings).

Transfer rates from fresh nickel surfaces measured in available experiments are consistent with
the model we developed for the results of Erfani ez al. (2015), in which the wear rate is
apparently controlled by the rate at which fresh surface can form, and that wear rate is 0.00183
per second of the initially removed material for a wide range of alloys. We assume that the 12
wipes applied to each string were performed sufficiently rapidly that little new surface could
form within the time taken to perform the wipes, so the initial material wiped from the string
represents the same initial value as measured by Erfani et al. (2015). This model is applied to the
plain (nickel-plated) strings, the nickel-plated wrapping, and the stainless steel wrapping.

For right-handed guitar players,?® the fingers of the left hand continually hold one or more strings
under pressure against the frets (except for rare instances of open-string strumming), while the
fingers of the right hand are used to pluck the strings (or use a pick to pluck the strings). The
volar surfaces of all ten fingers may thus contact the strings, but palm contact is less frequent and
minor (e.g for the right hand only when damping all the strings to interrupt playing). The contact
is not deliberately rubbing, although fingers of the left hand may rub along the strings when
changing chords and the right fingers will rub as the string is plucked. The surface area contacted
will be fairly small (smaller than the contact area of fingers with coins), because of the
narrowness of the strings. The total length of the strings contacted by the left hand is, on average,
probably less than half the scale length (the vibrating length of the string), since it is rare for frets
beyond 1/2 the scale length (i.e. the 12th fret) to be reached by the left hand (causing the string to
sound more than an octave higher than its open note), while the right hand generally plucks in a
length of just an inch or so.

We therefore assume that a player’s left-hand fingers could rub off the surface metal (as
measured by the wipe tests) on half of each string (since the fingers press the strings only from
above) over half the scale length of the instrument, and the right hand all the surface metal on
another 2 inches (since the right hand fingers may pluck the strings from one side, and the thumb

? The 2-franc coin is pure nickel, but the surface layers of the circulated coins were clearly primarily
copper. The 2-euro coin contains copper, nickel and zinc.
%8 For left-handed players, switch left and right here and in what follows.
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from the other).?” The highest amounts of initial readily removable lead, nickel, and chromium
present on the entire scale length of any string sets in the Redacted line are given in Section 4 as
1.3 pg of lead (on a 5-string bass), 37 pug of nickel (on an 8-string electric guitar), and 13 pg of
chromium (on a 5-string bass). Prorating from the wrapped portion of the tested strings
(assuming only the wrapped portion contributed to the wipe test results) to the as-strung guitars
(taking account of the lengths and the multiple strings of different diameters, including plain and
wrapped strings; and the lengths and fraction of each string touched) then gives an initial (first
touch) maximum potential daily transfer to fingers of 0.4 pg lead, 12 pg nickel, and 4 pg
chromium (for example calculations, see Appendix A: Calculations and examples; all
calculations are carried out in the Microsoft® Excel workbook attached to this PDF file
(omitted).)

After the first contact with the strings, subsequent playing will rub further material from the
strings in proportion to the measured wipe-test results, as described above. Applying this
methodology, and assuming an average guitar player plays for 1.5 hours/day (see e.g.
https://hubguitar.com/articles/how-long-does-it-take-to-learn-guitar)*’ the additional maximum
potential transfers to fingers are 4.0 pg/day lead, 121 pg/day nickel, and 40 pg/day chromium;
and the maximum total sums of the initial and subsequent potential transfers are 4.4 pg/day lead,
133 pg/day nickel, and 45 pg/day chromium. The maximum transfers to just the right hand are
0.82 pg/day lead, 32 pg/day nickel, and 8.3 pg/day chromium, or 19 to 24% of the total. Note
that the maxima for the initial and subsequent transfers do not necessarily sum to the maxima for
the total transfer, because different string sets may be involved in each case; and the maxima for
the right hand for each of lead, nickel, and chromium are different fractions of the totals since
each is due to different string sets than the totals.

5.2. Ingestion exposure to lead, nickel, and chromium from guitar strings

Lead transferred to fingers may be absorbed by hand-to-mouth transfer and subsequent ingestion.
The hand-to-mouth exposure discussion of the OEHHA (2011) discusses various values for the
potential contact area for each hand-to-mouth contact, with a range of 10 to 20 cm?, the upper
end corresponding to about the area of one side of one finger of an adult.

%% Since the scale length varies for different instruments, this implies that the fraction of the total metal
transferred to the right hand varies with the instrument.

3% The only research measuring the time spent playing instruments appears to be for music students. The
most detailed published data (microdata) from the American Time Use Survey (https://www.bls.gov/tus/)
of the U.S. general population combines time listening to and playing music for which the average daily
time (ages 15+) from 2003 to 2022 (omitting 2020, when the survey was suspended for several months)
was 1.44 hours/day among those who reported listening to or playing music. Hallam et al. (2012) reported
that the average weekly time playing a main instrument increased with examination grade in the English
system of music education for beginners, reaching 1.0 hour/day at the highest level when students would
be admissible to conservatoires or to music study at colleges. Hallam et al. (2018) reported that in the
same group of beginners, guitar players averaged from 0.27 hours/day at ages 7—10 to 0.87 hours/day at
ages 15+. Jorgensen (2002) measured times averaging 2.4 to 2.9 hours/day on their main instrument for
students at Norwegian conservatoires, while Lammers and Kruger (2006) showed an average practice
time of 0.9 hours/day among music education students at five U.S. institutions — three Schools of Music
at public Universities and two Liberal Arts Colleges.
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For an average guitar player, the most contaminated area of the hand will be the volar surfaces of
fingers (including the thumb); and such a player may occasionally lick those surfaces (e.g. in
order to aide in turning of pages of music). The frequency of such licking is irrelevant (provided
it is high enough), since the rate-limiting step is contact with the guitar strings (see Section
5.1.2). For the purposes of this evaluation, therefore, it is assumed that a guitar player may lick
the contaminated surface of one finger (the same finger each time), and hence potentially ingest
the entire metal content on that finger. The right hand®! fingers will pluck the string from both
sides, but one side of the strings is plucked only by the thumb, with the other side of the strings
plucked by fingers, so the thumb will be exposed to 1/2 the total material transferred to the right
hand, or 9 to 12% (depending on the instrument scale length, see footnote 29) of the total
transferred to both hands. With the assumptions made above, the left hand is the most heavily
contaminated (about 76 to 81% of the total, again depending on the instrument scale length)
since it contacts a greater area of the strings; but each finger will be contaminated with
approximately 1/5 of the total on that hand, or 15 to 16% of the total material transferred. It is
more likely that a right-hand finger will be the one licked and used to turn the pages of music,
since the left hand will at that time be used to hold the guitar in place. Nevertheless, as a
conservative assumption we assume that 15 to 16% of the total material transferred from the
strings is placed into contact with the mouth.

OEHHA (2011) has as a default assumption that 50% of lead brought into contact with the
mouth will be ingested. This is based primarily on the study, characterized as the best available
at that date (2011), of Camann et al. (2000), measuring the fraction of three pesticides removed
from the hands of three adult volunteers by gauze wipes moistened with human saliva. Since
then, the study of Sahmel et al. (2015) has demonstrated a transfer efficiency from lead-
contaminated fingers to human saliva of 24% at a total hand lead loading that is similar to the
total loading of all three metals considered here. We here adopt this updated and more relevant
estimate, which we assume corresponds to the ingestion efficiency of all the finger-borne metals.
The total ingestion rates then correspond to 0.17 pg/day lead, 4.9 ng/day nickel, and 1.7 pg/day
chromium.

OEHHA (2011) also suggests that up to 25% of lead contamination on hands could be ingested
via transfer to food eaten by a person after using the product at issue. However, an average guitar
player would be likely to wash his or her hands prior to eating, based on survey information on
adults (Haston et al., 2020), so this route of exposure is unlikely for the average user of Redacted
strings, and is not considered further.

5.3. Dermal absorption exposure of lead, nickel, and chromium from guitar strings

5.3.1. Lead

Dermal absorption of lead transferred to the surface of the skin has been observed for some
chemical forms of lead. Stauber et al. (1994) reported such absorption for lead, lead oxide, lead
acetate, and lead nitrate. A quantitative estimate of 29.5% dermal absorption (measured as the
loss from the applied material) was obtained for lead nitrate applied under extreme conditions

31 Again, for left-handed players, switch left and right here and in what follows.
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(24 hours occlusive contact with the forearm), but no quantitative estimates were obtained for the
other chemical forms.

The chemical forms of corrosion due to synthetic sweat of alloys of Cu, Ni, and Zn was
investigated by Colin ef al. (1999). They observed that the surface corrosion layers were
composed primarily of copper and nickel products, primarily oxides and hydroxides with minor
chlorine-based compounds. The relevant form of lead rubbed from the similar alloys at issue
here is thus likely to be metallic lead or lead oxide.

Filon et al. (2006) measured in vitro dermal penetration by lead oxide using human skin samples.
After 24 hours application of 5 mg/cm? of lead oxide in synthetic sweat, penetration through
intact skin was less than 0.2% of the applied lead oxide. At the end of the experiment, the skin
itself (after mild rinsing) retained about 17% of the applied lead oxide, although other
experiments (of shorter duration) indicated that washing with soap removed most of this (<2% of
the applied lead oxide remained after washing with soap after a 30-minute application). It is
likely that most of the lead retained in the skin even after the 24-hour application was in the
surface layer and would have been readily removed by washing with soap. For example, Sun et
al. (2002) demonstrated using tape stripping that even 12 hours after last exposure and after hand
washing with soap followed by ethanol cleaning, approximately 1/3™ to 1/2™ of the lead
remaining in the exposed (dorsal hand) skin of heavily exposed battery workers was in the upper
two of ten skin layers, which is about a two- to four-fold excess compared with what would be
expected from a linear gradient through the skin. Thus even after extensive washing of the
surface, a fraction of the lead in skin was still in the surface layer. If in the Filon et al. (2006)
experiment it is assumed that only the applied lead oxide that entered the skin is relevant to
absorption, then absorption of lead oxide would be about 2% (i.e. of the lead entering the skin,
about 2% was absorbed over the 24 hours of the experiment).

Sun et al. (2002) also demonstrated that in rats, lead absorption through the skin (as measured by
urinary excretion) varied with chemical form, with absorption rates in the order lead naphthenate
> lead nitrate > lead stearate > lead sulfate > lead oxide > lead powder. Compared with lead
nitrate, lead oxide dermal absorption in rats was 15.7% and lead powder 6.5%. Applying the
relative absorption observed in Sun et al. (2002) in rats to the 29.5% maximum absorption seen
in 24 hours for lead nitrate by Filon ef al. (2006) in humans gives estimates of 4.6% absorption
for lead oxide, and 1.9% for metallic lead, assuming 24-hour application with no washing.

As an upper bound, it is thus assumed that dermal absorption of the lead rubbed from guitar
strings might be as high as 4.6%, leading to an overestimate of approximately 0.20 pg/day.

5.3.2. Nickel

In vitro penetration of soluble nickel salts through the stratum corneum of human skin was
measured by Tanojo et al. (2001) using a 1% water solution of the salt in a continuous flow-
through diffusion cell. In 96 hours, between 0.02 and 1.09% had permeated through, and
between 0.1 and 0.95% was retained in the stratum corneum.

Hostynek et al. (2001) examined the in vivo distribution of nickel on the surface and throughout
the stratum corneum by tape stripping after application of soluble nickel salts (applied dissolved
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in methanol and dried in place on the skin) for periods of up to 25 hours. The fraction remaining
on the surface (determined by swabbing with water-moistened wipes) after 24 hours ranged from
28% to 94% depending on the salt and skin location. Most of the remainder was deposited in the
stratum corneum, with concentrations increasing with application period and decreasing with
depth to practically non-detectable at 3/4™ of the thickness of the stratum corneum.

Larese et al. (2007) demonstrated that metallic nickel powder dispersed (at 5 g per 100 mL) in
artificial sweat at pH 6.5 would produce ionic nickel (at 27.1 mg/L) in solution that diffused
through human skin in vitro over 24 hours, measuring a lag time of 14 hours and a permeation
coefficient of 6.1x10~* cm/hr.

Moody et al. (2009) measured in vitro dermal absorption of Ni (half-life of 100.1 years) in
spiked soil suspensions in water or in acetone, using human skin in flow-through diffusion cells
for 24 hours. Total transmission of nickel through the skin was 0.5% from the spiked soil
suspension in water, and 1.8% from the neat acetone. Recovery from the skin itself after soap
washing was 0.5% for the spiked soil suspension, and 20.9% from the neat acetone.

Given Larese and colleagues’ (2007) demonstration, it is prudent to assume that the nickel
oxide/hydroxide deposited on the skin would dissolve to some extent in skin surface liquids and
penetrate the skin to some extent. Most of the material would not dissolve and would be removed
by washing; as demonstrated by Hostynek et al. (2001), after 24 hours 28% to 94% even of
soluble nickel compounds were removed by washing, and 89% or 90% after 30 minutes. Further,
playing for the 1.5 hours/day assumed would result in skin thickening (calluses) on the fingers
contacting the strings, particularly on the right hand if no pick is used, so that the published
studies, which relied on non-callused skin, may overestimate penetration for guitar players’
fingers. As an upper bound, we assume that 2% of the total loading of nickel may ultimately
penetrate, as shown by Tanojo et al. (2001) for soluble nickel compounds (using the sum of the
fraction penetrating and retained in the stratum corneum), or 2.7 pg/day.

5.3.3. Chromium

Gammelgaard et al. (1992) examined permeation of potassium dichromate (Cr(VI)), chromium
trichloride hexahydrate (Cr(IIl)), and chromium nitrate nonahydrate (Cr(III)) at pH 5.0 through
human skin in vitro. They found that permeation of the Cr(IIl) compounds was undetectable after
190 hours, while some potassium dichromate was detectable. Deposition in the skin of Cr (III)
compounds was about 10% or less of that of potassium dichromate (with deposition in the
dermis about 10% or less of that in the epidermis in both cases).

Van Lierde et al (2006) found similar results to Gammelgaard et al. (1992) — they were unable
to detect any chromium (III) permeation through thin surface skin membranes of either porcine
or human origin after 168 hours from simulated sweat solution at pH 5.5, whereas chromium
(VD) did permeate.

Larese et al. (2007) demonstrated that a suspension of chromium in synthetic sweat at pH 6.5
permeates through skin to a lesser extent than nickel from nickel suspension — in fact even in
the suspension it was impossible to measure any chromium ion, and the chromium permeation
was so low that it was impossible to measure a flux and lag time over the 24 hours measured.
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The same experiment performed on a Cr(VI) solution (potassium dichromate) at pH 6.5 showed
a measurable permeation rate with lag time of 12.5 hours and permeation rate 4 times lower than
nickel from the nickel suspension. Subsequent experiments using the same powdered chromium
suspended in synthetic sweat with pH of 3.5, 4.5, and 5.5 ([Larese] Filon et al., 2008) showed
increasing ion concentration with decreasing pH, and a permeation experiment at pH 4.5
demonstrated a lag time of 1.1 hour and a permeation flux about 9 times lower than potassium
dichromate at pH 6.5.

Based on these experiments, the chromium (III) oxides/hydroxides deposited on skin (average
pH about 5.1, Lambers et al., 2006) from guitar strings would permeate skin only to an extent
insignificant for assessments of potential exposure. We therefore ignore dermal absorption of
chromium.

5.4. Total exposure to lead, nickel, and chromium from guitar strings
Summing ingestion and dermal exposures, total exposure from Redacted guitar strings would be
less than 0.37 pg/day lead, 7.5 pg/day nickel, and 1.7 pg/day chromium (Table 9)

Table 9 Summary of ingestion, dermal, and total exposures

Chromium Lead Nickel
Total transfer to hands 44.5 4.39 133.5 ng/day
Left-hand fraction 81.4% 81.4% 76.1% of total
Each finger 16.3% 16.3% 15.2% of total
Ingestion fraction 24% 24% 24% of amount on finger
Total ingestion 1.74 0.17 4.88 ng/day
Dermal absorption fraction 0.0% 4.6% 2.0% of total
Dermal absorption 0.00 0.20 2.67 ng/day
Total exposure 1.74 0.37 7.55 ng/day

The overestimate for lead is below the MADL level of 0.5 pg/day, and ipso-facto lower than the
NSRL of 15 pg/day, even without taking account of averaging over non-playing days. The nickel
exposure is to total nickel, but the majority (65%) is from the hand-to-mouth exposure to nickel
oxide/hydroxide, of which only a small fraction is likely to be solubilized by saliva. However,
even the total nickel exposure corresponds to 0.13 ug/kg-day,*? so 1,000 times this amount is
0.13 mg/kg-day, which is well below the lowest NOEL of 1.12 mg/kg-day (Section 2.2) for
soluble nickel. The chromium exposure is entirely to chromium III, so there is no requirement
for any Proposition 65 warning in any case; and this exposure is well below even the MADL for
chromium VI of 8.2 pg/day (Section 2.3).

32 Using a human body weight of 58 kg, see Section 2.4.
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5.5. Ball-ends on Redacted guitar strings

The ball-ends are brass cylinders with axial holes with dimensions given in Section 3.1. They are
constructed of brass containing 1.6 to 3.5% lead, 0.3% nickel, and are unspecified as to
chromium which would be a trace contaminant. The ball-end holds the bridge end of the string
by engagement of the ball-end in a slot, by pulling the string through a hole too small for the
ball-end,*? by pinning the ball-end within a hole in the bridge,** or by similar means. The ball-
end is not accessible once the guitar is strung.

During installation of the string, it is possible that the user may have momentary contact with the
ball-end (e.g. while removing the string from the package), but there is no need for any such
contact. No stringing operation requires touching the ball-end, and stringing is most efficiently
accomplished without touching the ball-end — the ball-end of the string is moved by holding the
string in order to manipulate the string and ball-end into the required configuration (the videos
referenced in Footnotes 33 and 34 clearly show this).

To overestimate the potential exposure from contact with the ball-end during stringing, we here
assume contact equivalent to handling during counting of coins (Table 3), pro-rated for the
relative exposed surface areas of ball-end and coin, and using the highest metal transfer rate
measured with coins (for 2-euro coins). Table 10 shows the worst-case estimates for total metal
transfer per ball end. The worst-case wipe-test ratio of chromium to nickel from the brass-
wrapped strings is 0.78, and we use this as a best estimate for an upper bound on the chromium
content of the brass in the ball ends, giving an estimate of 0.235%. A conservative estimate of
potential exposure then results from stringing all 12 strings of a 12-string guitar, with 7 small
ball-ends and 5 large ball ends (see Table 1), which gives a total transfer to fingers of 0.066 ug
lead, 0.0056 pg nickel, and 0.0044 pg chromium. These are respectively only 1.5%, 0.004%, and
0.01% of the daily transfers to hands from the strings (Section 5.1.2), so clearly have no effect on
the conclusions reached above, even if re-stringing were performed daily.

33 On electric guitars. See for example, the video at http:/www.dummies.com/how-
to/content/how-to-string-an-electric-guitar.html.
3* On acoustic guitars. See for example the video at https://www.youtube.com/watch?v=gXaMn4jkxDM.
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Table 10 Estimated maximum lead exposure from contact with ball-ends

Coins

2-franc | 2-euro
Maximum total metal transfer (Table 3) 0.96 1.89 | nug
Coin facial surface area (Section 5.1.1) 11.00 | 1042 | cm?
Total metal transfer/unit surface area 0.087 | 0.18 | ug/cm?
Guitar ball-ends

Large | Small

Surface area 1.31 0.55 | cm

Total metal transfer (using 0.18 ug /cm?) | 0.24 0.10 | pg

6. Conclusion

Our initial, highly conservative examination of exposure to lead, nickel, and chromium from
guitar strings — which assumed that guitar players /icked their strings — sufficed to indicate that
such exposure would yield doses that were unlikely to exceed the MADL (hence also the NSRL)
for lead; and that would amount to 1,000 times less than the NOEL for nickel. Chromium
exposure from guitar strings would all be in the III oxidation state, so irrelevant for Proposition
65; but even if it were in the form of chromium VI, such exposure would not exceed the MADL.

Our more detailed and realistic examination of potential pathways of exposure via guitar playing
confirms that an average user of Redacted guitar strings would have intakes of lead, nickel, and
chromium that are too small to trigger any requirement for a warning under Proposition 65.
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Appendix A: Calculations and examples

All the following calculations are performed in the Microsoft® Excel workbook attached to this
PDF file (omitted). The sheet “Data” calculates results for every Redacted string set, and selects
the maximum potential exposure from any such string set, using the methodology discussed in
Sections 5.1.2 and 5.2. Sheet “Ball-ends” shows the calculation of exposure from ball ends
(Section 5.5). The workbook also incorporates, in the other sheets, the analyses of literature and
other calculations discussed in Section 5.1.1.

Each Redacted guitar string is one of nine types, depending on:

e Coating: Redacted

e Surface material: Redacted

e Instrument type: Redacted
Not all combinations are represented, so that an unambiguous list of the nine combinations may
be abbreviated by (N B,P B,N Z, O N, N N, P N, N NB, N SB, U N) where the first letter
of each entry represents the coating, the second the surface material, and the third (where
present) the instrument type. This is the named Code_list in the attached workbook. The first
three combinations correspond to the wrapped and coated strings in the acoustic guitar string
sets, the next three to the wrapped and coated strings in the electric guitar string sets, the next
two to wrapped and coated strings in bass guitar string sets, and the last to the plain strings (with
uncoated, nickel-plated surfaces) all except bass sets. There is also one (acoustic) bass string set
of type N_Z. One string of each type, the largest gauge?® used in any string set, was tested in the
wipe tests.

East string set is characterized by a number of plain strings (code U_S) with varying gauges
(diameters, in inches) and a number of wrapped, coated strings of the same coating and surface
material type but differing gauge.’® All strings of 0.022 gauge or less are plain, those above
0.022 gauge are wrapped and coated.

String sets are designed for acoustic guitars, electric guitars, 4-string bass guitars, and 5-string
bass guitars. We assume that the scale lengths (the maximum vibrating length of the strings,
between the nut and the bridge) of these guitars are typically 26, 25.5, 34, and 35 inches
respectively (https://en.wikipedia.org/wiki/Scale length (string_instruments)).

The tested strings were wiped over their full (as-sold) length, which includes the ball end and, for
the wrapped, coated strings, some length of unwrapped, uncoated core. However, the results of
the wipe tests are attributed here to the wrapped, coated portion of the strings, which were
(nominally) 39.25 inches long for the bass strings, 41.125 inches long for the plain string, and
33.5 inches long for all the others.

3% One exception — the 5-string bass string set Part No. Redacted has a maximum gauge slightly larger
(0.135) than the tested string (0.13).
3¢ The 12-string sets have duplicates of some gauges.
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To estimate the quantities of surface metals transferred to fingers on first touch of the strings, the
wipe test result is pro-rated from the surface area of the wrapped, coated section of the tested
string (or the total surface area of the tested plain string) to the surface area that could be touched
by the fingers on a strung guitar. For the left hand, that is assumed to be 1/2 the scale length,
with just one side of the all the strings touched, so overall 1/4 of the surface area of the strings on
a strung guitar. Similarly, for the right hand, the wipe test results are pro-rated from the surface
area of the tested string to the surface area of 2 inches of the strings on a strung guitar, with the
assumption that the right hand could touch the whole surface of the strings. These calculations
are performed separately for the plain strings and the wrapped, coated strings of the set, and the
results added to obtain the total.

The same calculations are performed for each string set in the Redacted line, and the worst-case
(highest transfer of metal) selected separately for each of lead, nickel, and chromium.

For example, for a 5-string bass set (Part No. Redacted, type N_SB). the five strings (all wrapped
and coated) have diameters Redacted inches, and the typical scale length is 35 inches (see
above), giving a total surface area of the strings in the scale length of 308.6 cm?, so that the left
hand touch area (half of each string over half the scale length) is 77.1 cm?; and the right hand’s
touch area (2 inches, total area of each string) is 17.6 cm? for a total of 94.8 cm?. The tested
string had a diameter of 0.13 inches, and a wrapped length of 39.25 inches, for a wrapped surface
area of 103.4 cm?. Attributing the total wipe measurement of 0.44 pg lead to the wrapped portion
of the tested string, the amount potentially transferrable to the player’s fingers is
(94.8/103.4)*0.44 = 0.4 pg, which is assumed to occur daily. In this case (which turns out to be
the worst-case for lead), there are no plain strings in the set, so no separate calculation for the
plain strings is necessary; for string sets with plain strings, the same calculation is repeated for
both plain and wrapped strings and the two results added. Similar calculations are repeated for
nickel and chromium.

Estimation of the subsequent transfer to fingers after the first touch is done slightly differently
for the cases of brass and phosphor bronze wrapped strings versus nickel-plated and stainless
steel wrapped and plain (nickel-plated) strings. For the brass and phosphor bronze wrapped
strings, the total metal removal rate found for polished 2-euro coins by Fournier and Groves
(2013) of 0.0067 pg/cm?/sec (Table 5) is applied to the total surface area of the wrapped strings
rubbed by the fingers, and, for lead, multiplied by the upper limit of 0.05% lead content in the
brass or phosphor bronze to obtain the rate of transfer of lead. For nickel and chromium, it is
assumed that the rate of transfer is proportional to the lead transfer rate in the same ratio as seen
in the wipe tests for the same type of string. These transfer rates are then multiplied by the 5,400
seconds (1.5 hours) assumed for the time spent playing each day.

For example, for the acoustic guitar string set Part No. Redacted (type N_Z), four of the strings,
with diameters Redacted inches are wrapped with phosphor bronze wire covered with
REDACTED. The scale length of an acoustic guitar is 26 inches (see above), so (1/4 x 26 + 2)
inches worth of area of the strings is touched, giving a touched area of 23.95 cm?. Multiplying by
the wear rate of 0.0067 pg/cm?/sec, the exposure time of 5,400 seconds, and a lead fraction of
0.05% gives a lead transfer from the wrapped strings in the set of 0.43pg. Chromium, lead, and
nickel wipe-test data for the phosphor-bronze wire covered with REDACTED were, on average,
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0.059, 0.193, and 0.665 pg respectively, when corrected by the average of the blanks (Table 2),
giving ratios to lead for nickel and chromium of 3.44 and 0.30 respectively, so the transfer of

nickel and chromium are estimated to be 0.13 pg and 1.49 ug respectively.

For the nickel-plated and stainless steel wrapped and coated strings, and the plain (nickel-plated)
strings, the transfer rate to fingers is obtained using the wear rate we obtained from Erfani et al.
(2015) in Section 5.1.1, that is 0.00183 per second of the amount transferred by the first touch.
The first-touch transfer is calculated from the wipe data as described above. This wear rate,
multiplied by the first-touch transfer amount and the 5,400 seconds of daily exposure gives the
estimated daily transfer from touches after the first.

For example, the first-touch transfers for the plain strings in Part No. Redacted are calculated to
be 0.0065, 0.036, and 1.52 pg for chromium, lead and nickel respectively; when multiplied by
0.00183 and 5,400 these gives daily transfer estimates of 0.064, 0.36, and 15 pg respectively.

Adding the results for the first touch and subsequent touches for Part No. Redacted gives totals
daily transfers to fingers of 0.24, 0.95, and 18.5 pg of chromium, lead and nickel respectively.

The fractions of these totals transferred to the right and left hands is calculated from the total
areas touched by the five fingers on each hand. The left hand touches an area equivalent to the
total area of 1/4 of the scale length of the strings, which varies by instrument (see above), and the
right hand touches an area equivalent to the total area of 2 inches of the strings. The fraction
transferred to the right hand varies from 18.6% to 23.9% for the different instrument types. As
described in the main text, on the right hand 1/2 of this fraction affects the thumb, with the rest
distributed to the other fingers; on the left hand, 1/5 is assumed to affect each finger equally.
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Appendix B: Element Materials Technology Laboratory Report on Job Redacted

(Omitted)

Note: See Table 2 for sample IDs; those in the Laboratory Report with suffix “-R-" correspond
with samples irrelevant here.
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